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[1] Surface ocean iron speciation is simulated using a time-
dependent box-model of light-mediated redox cycling over
a range of aeolian inputs of soluble iron in the stratified epi-
pelagic ocean. At steady-state, Dissolved iron (DFe) con-
centration increases with aeolian input of soluble iron up
to 0.1 ymol m 2 d™', and is limited by the solubility of ferric
hydroxide at higher fluxes which causes the formation of
colloidal iron. We demonstrate that even in the presence
of ample excess ligand, rapid conversion of dissolved iron
between oxidized and reduced forms in the tropical surface
ocean exposes DFe to colloid formation and scavenging.
This result provides an explanation for the much smaller
range of interregional variability in DFe measurements
(0.05-0.4 nM) than soluble Fe fluxes (0.01-1 pmol m >
d ") and dust fluxes (0.1-10 g m 2 yr ') predicted by atmo-
spheric models. We incorporate the critical behavior of the
full chemical speciation model into a reduced, computation-
ally efficient model suitable for large scale calculations.
Citation: Fan, S.-M., and J. P. Dunne (2011), Models of iron
speciation and concentration in the stratified epipelagic ocean,
Geophys. Res. Lett., 38, L15611, doi:10.1029/2011GL048219.

1. Introduction

[2] Dissolved iron concentration is a key variable that
controls phytoplankton processes in the surface ocean
[Morel and Price, 2003]. Uptake of iron by phytoplankton
has been shown to occur with the dissolved inorganic iron
species [Hudson and Morel, 1990; Sunda and Huntsman,
1995; Fujii et al., 2011]. Direct phytoplankton uptake of
iron bound to organic ligands is slow compared to the
uptake of inorganic iron [Maldonado et al., 2005; Shaked
et al., 2005]. Low concentrations of dissolved iron in sea-
water limit phytoplankton iron uptake and growth in the
Equatorial Pacific, subarctic Pacific, and the Southern Ocean,
where large-scale artificial iron fertilization have resulted in
phytoplankton blooms [Boyd et al., 2007].

[3] In regions of low dust deposition (e.g., Equatorial
Pacific, tropical South Pacific, parts of the Southern Ocean),
measured dissolved iron concentrations range from 0.05 nM
to 0.1 nM in the surface layer; while in regions of high dust
deposition, such as the tropical Atlantic, surface water mea-
surements range from 0.2 to 0.4 nM (Table S1 (within Text S1)
in the auxiliary material).! This range (0.05-0.4 nM) is
remarkably smaller than the three orders of magnitude range
in atmospheric iron deposition fluxes [Fan et al., 2006].
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Acolian input, biological uptake, remineralization and sedi-
mentation of biogenic particles, scavenging by and disso-
lution of lithogenic particles, upwelling and vertical mixing,
and light-mediated redox chemistry can all influence the
concentration of iron in the epipelagic ocean [Jickells, 1999;
Wu et al., 2001; Croot et al., 2004; Bergquist et al., 2007].
Modelers have struggled to represent this complex behav-
ior in global biogeochemical models in a mechanistically
robust yet computationally efficient manner, and have
chosen algorithms necessarily empirical in scope in order
to represent iron limitation. First attempts included Archer
and Johnson [2000] and Fung et al. [2000] who attempted
simple scavenging representations, Moore et al. [2004]
invoked a single empirical threshold scavenging response,
while Parekh et al. [2004] explored various ligand and
scavenging representations. In this study, a box model
including 24 equations relevant to iron redox cycling, coag-
ulation, uptake, and scavenging is used to evaluate factors
controlling dissolved iron in the stratified epipelagic ocean.
The model is described in Section 2; results and discussions
are presented in Section 3; a summary of main conclusions
is given in Section 4.

2. Model Description

[4] The complexity of iron chemistry has made opera-
tional definition difficult. Dissolved iron (DFe) includes
inorganic ferrous ions, denoted by Fe(II)’, and inorganic
ferric species, Fe(Ill)', and organic complexes, FeL. measured
in seawater after 0.02 ym or 0.2 um filtration [Nishioka et al.,
2001; Wu et al., 2001]. While a filter pore size of 0.4 um is
sometimes considered operationally ‘dissolved’, this phase
may include significant colloidal iron, CFe, mainly amor-
phous hydroxide. Conversely, iron bound to large (>0.2 m)
polysaccharides is portioned into FeL in this study. Partic-
ulate iron (PFe, >0.4 pm) may be biogenic or lithogenic or
aggregate of aged forms of ferric oxyhydroxide that disso-
ciate more slowly than fresh colloids.

[5] During the day, light-mediated redox cycling main-
tains iron speciation in a dynamic state with colloidal and
complexed iron photodissociation to dissolved inorganic
iron (Fe' = Fe(Il)’ + Fe(Ill)") [Croot et al., 2005]. At night,
iron speciation is near thermodynamic equilibrium with FeL
dominating the dissolved species [Weber et al., 2005]. Iron
is also contained in live cells of phytoplankton, bacteria, and
virus, with a lifetime of 1-10 days [Strzepek et al., 2005].
Grazing and lysis release iron into the dissolved and par-
ticulate pools.

[6] Many of the elemental processes that influence the
dynamic state of iron speciation in seawater have been

'Auxiliary materials are available in the HTML. doi:10.1029/
2011GL048219.
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Table 1. Aqueous-Phase Reaction Rate Constants
K
Reaction Number Reaction Mgt n References/Notes
RO1 Fe(Il)' + O, — Fe(Ill)’ + O, 10. 2 Millero et al. [1987]
RO2 Fe(Il)’ + H,O, — Fe(Ill)’ + OH + OH~ 7.2 x 10* 2 Millero and Sotolongo [1989]
RO3 Fe(Il)’ + O, — Fe(Ill) + H,0, 1.0 x 107 2 Rush and Bielski [1985]
RO4 Fe(Ill)’ + O, — Fe(Il)' + O, 1.5 % 108 2 Rush and Bielski [1985]
RO5 Fe(Ill)’ + Ligand — FeL 2.0 x 10° 2 Witter et al. [2000]
RO6 FeL — Fe(lll)’ + Ligand 1.0x10°° 1 Witter et al. [2000]
RO7 Fe(Ill) + CFe — CFe 2.0 x 10° 2 Rose and Waite [2003]
RO8 CFe — CFe + Fe(Ill)’ 2.0x10° 1 Rose and Waite [2003]
RO9 CFe + Particle (mg/L) — PFe 15x107° 2 Dunne et al. [1997]
R10 Fe' + Cells — Export production 4.0 x 1077 1 See text
R11 Fe(Ill) + hv — Fe(I)’ + OH 1.5x107° 1 See footnote®
R12 FeL + hv — Fe(II)’ + Ligand 1.0 x 1073 1 See footnote®
R13 CFe + hv — Fe(1l) 1.5%107° 1 See footnote®
R14 PFe + hv — Fe(Il) 23 x107° 1 See footnote®
RI15 PFe — sinking loss 6.4 x 1077 1 See text
R16 FeL + O, — Fe(Ill) + O, 1.5 x 10° 2 Rose and Waite [2005]
R17 FeL + H.B. — Fe(1l) 3.0 x 107° 1 Heterotrophic Bacteria
RI8 CDOM + hv — O, 8.0 x 1077 1 See footnote®
R19 HO, + O; (+ H") — H,0, + 0, 1.0 x 10* 2 Bielski [1978]
R20 H,0, (+ ROM) — products 58 x107° 1 Moore et al. [1993]
R21 Cu()’ + Oy — Cu(Il) + Oy 4.6 x 10° 2 Bjergbakke et al. [1976]
R22 Cu(l)’ + HO, — Cu(ll) + OH + OH™ 7.0 x 10° 2 Berdnikov [1973]
R23 Cu(l) + O (+ 2H") — Cu(ll)’ + H,0, 9.4 x 10° 2 von Piechowski et al. [1993]
R24 Cu(l) + O, — Cu(l)y + O, 8.0 x 10° 2 Rabani et al. [1973]

?All photoreaction (R11-R14, R18) rate coefficients are given for a diurnal average, clear sky solar irradiance at 32°N on equinox.

measured and are listed with representative values for rate
constants at 25°C in Table 1. A detailed description of the
box model for iron redox cycling in the surface ocean over a
diel cycle is given by Fan [2008]. Briefly, the model cal-
culates the rates of production and loss processes in the
surface mixed layer according to the law of mass action.
Given an initial state of species concentrations, the time rate
of change for each species is integrated forward in time,
with the concentrations updated every time step, until a
stationary state is reached. The model assumes all species
are well mixed in a 30 m surface layer. Iron cycling through
biological uptake is balanced by remineralization and a net
removal of iron by sedimentation of biogenic particulate
iron for conditions of high remineralization and low export
consistent with observational estimates [Landry et al.,
1997]. Other forms of particulate iron are removed from
the surface ocean by sedimentation. The diurnal cycle of
solar radiation in the model is set for 32°N at Spring
Equinox and for clear sky. The concentration of CDOM is
specified to be 3 M, organic matter reacting with H,O, to
be 10 nM, particulate matter to be 0.05 mg/L, and total
ligand to be 1.8 nM iron equivalent. The concentrations of
reactive oxygen species and iron species are calculated
online with the model using the reactions in Table 1.

[7] Iron redox cycling and speciation in the stratified
epipelagic ocean is simulated for dust deposition fluxes
typical of the tropical North Atlantic and northern Indian
(10 g m 2 yr '), North Pacific, extratropical Atlantic, and
Southwest Pacific (1 g m 2 yr ') and tropical Pacific, sub-
tropical South Pacific, and much of the Southern Ocean
(0.1 gm 2 yr ') based on sediment trap measurements and
global dust transport modeling [Tegen et al., 2002]. Soluble
Fe fluxes are calculated from the dust fluxes and model
simulated aerosol Fe solubility [Fan et al., 2006]. The con-
ditions specified in the simulations do not apply in regions
with significant iron supply from below such as high-

latitudes, coasts [Johnson et al., 1999], and upwelling zones
[Slemons et al., 2010]. In the intensely iron limited regions
such as the Southern Ocean, we would need to incorporate
the seasonality of mixed layer light limitation, major nutrient
and iron supply from below and ecosystem dynamics - all
factors and iron speciation chemistry that we plan to consider
simultaneously in a global ocean general circulation model.

3. Results and Discussions

[8] Simulations with a constant dust deposition rate of
10 g m 2 yr ' and readily soluble iron fractions 1% to 5%
result in nearly constant dissolved iron at 0.3 nM while the
sum of dissolved and colloidal iron increases from 0.5 nM at
1% solubility to 0.9 nM at 5% solubility (Figure 1). This
compares well to measurements in the surface ocean from
25°S to 30°N in the Atlantic, 0.2-0.4 nM for DFe and 0.2—
0.9 nM for CFe + DFe [Bergquist et al., 2007]. Measure-
ments of aerosol iron solubility in this region range from
0.5% at high dust to 30% at very low dust concentrations
[Chen and Siefert, 2004; Buck et al., 2010].

[s] Ata lower dust deposition rate of 1 gm > yr ' and 2%
solubility, modeled DFe is 0.17 nM with no colloidal iron
(Figure 1). At 4% solubility DFe is 0.21 nM and CFe begins
to form (0.02 nM). At even higher assumptions of solubility
from 6% to 10%, DFe is constant at 0.22 nM while CFe
increases from 0.03 nM to 0.06 nM. Measurements of DFe
(<0.2 pm) in regions have a large total range from 0.05 to
0.4 nM but primarily between 0.1-0.2 nM, while those of
CFe + DFe (<0.4 pm) are generally higher with a range
from 0.2-0.7 nM (Table S1). Total and soluble aerosol iron
deposition fluxes in these regions may be much higher than
the annual average during dust active season, causing dis-
solved iron elevated above saturation with respect to ferric
hydroxide and substantial formation of colloidal iron.

[10] At the low dust deposition flux of 0.1 g m 2 yr ',
DFe increases linearly with aerosol iron solubility, from 0.04—
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Figure 1. Steady-state concentrations (solid line for [DFe]
and dashed line for [DFe] + [CFe], averaged over 24 hours)
vs. soluble Fe flux. Results are shown for a constant dust
deposition of: 10 g m 2 yr ! and soluble Fe fractions rang-
ing from 1-5 percent, 1 g m > yr ' and soluble Fe fractions
ranging from 2-10 percent, 0.1 g m 2 yr ' and soluble Fe
fractions ranging from 5-25 percent. Light-induced dissolu-
tion of particulate iron provides an additional source of 0.36,
0.034, and 0.003 gmol m 2 d', respectively for the three
dust fluxes.

0.14 nM for the simulated solubility range of 5-25 percent,
while CFe is zero (Figure 1). This result is in good agreement
with measurements of DFe in the Equatorial Pacific south
of the upwelling zone and tropical-subtropical South Pacific
(Table S1). Given the large observed variability in dust
fluxes, model results suggest that DFe could be 2-3 times
higher in more dusty years in low flux regions.

[11] The solubility of ferric hydroxide, determined by the
ratio of rate coefficients RO8/R07 (Table 1), emerges as a
key factor controlling dissolved iron in stratified surface
oceans. At soluble Fe fluxes >0.1 gmol m 2 d ', colloidal
iron is formed when Fe(IlI)’ concentration is greater than the
equilibrium solubility of ferric hydroxide (0.01 nM at 25°C
[Liv and Millero, 2002]). This and the partitioning of
DFe (=Fe(Ily + Fe(Ill) + FeL) set by the redox cycling
together maintain a relatively constant DFe even as the soluble
Fe flux increases. As a result, the range of DFe in the epipe-
lagic ocean is small compared to the range of dust deposition
fluxes. At lower soluble Fe fluxes (<0.1 gmol m 2 d') col-
loidal Fe is not formed. DFe are very low and variable as a
response to dust deposition and aerosol iron solubility in large
areas of the global ocean receiving low dust deposition per-
petually or for extended periods of time.

[12] At high soluble iron fluxes, colloidal iron forms and
is scavenged, strongly buffering the dissolved iron concen-
tration as soluble iron flux increases (Figure 1). Exposure to
light in the presence of ligands serves to both make Fe(II)
more bio-available through reduction and disassociation and
also to make Fe(IlI) more susceptible to colloidal formation
and scavenging, leading to the apparent fixed upper limit on
dissolved Fe concentrations in high dust deposition regions.
This result provides a mechanistic interpretation of dis-
solved and colloidal iron measurements in the tropical
Atlantic [Bergquist et al., 2007] and a tidy justification for
the relatively ad hoc but apparently robust approach used by
Moore et al. [2004].
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[13] There remain significant uncertainties in rate coeffi-
cients (Table 1) used in the model. For an analysis of sen-
sitivity, a series of simulations were carried out with one
model parameter altered in each case (Figures S1-S9 in the
auxiliary material). The biggest effect is the enhancement of
FeL under conditions of complete darkness (Figure S4) in
which simple ligand chemistry takes control. The depen-
dency of dissolved Fe to soluble iron supply is also sensitive
to mixed layer depth (Figure S2). The maximum dissolved
Fe level was found to be sensitive to the rate constants for
formation (Figure S6) and photodissociation (Figure S3) of
FeL. Both the soluble supply and the maximum dissolved
Fe level were found to be sensitive to the dissociation of
colloidal Fe (Figure S5), formation of FeL (Figure S6) and
the reaction between Fe(Ill) and superoxide (Figure S8).
While these sensitivities determine the absolute structure of
the Fe response to iron supply, they do not change the
overall character and suggest that some tuning of the more
uncertain of these constants (e.g., the photodissociation of
FeL and dissociation of colloidal Fe) may be sufficient for
robust global ocean applications.

[14] Having explored the competitive influence of ligand
exchange, photochemistry and colloid exchange, we now
apply this understanding towards construction of a reduced
model amenable to large scale ocean biogeochemical appli-
cations [e.g., Parekh et al., 2004]. In order to represent the
complex dynamical behavior described in this work in a
computationally efficient manner, we have distilled the
full model down to a simplified representation based on a
three tracer system of dissolved (DFe), colloidal (CFe) and
particulate (PFe) iron based on the kinetic equations shown
in Table 1. Their chemical tendencies are calculated as
follows:

dPFe/dt = K - Fe(Il) — (K;s5 + Ki4) - PFe 4+ Koo - P - CFe
+ Ko - Fe(II)

dCFe/dt = (Ko7 - (CFe + Cpyg) - Fe(III) — (Ki3 + Kos + Koo - P)
. CFe)

dDFe/dt = —(Kjo + Ko7 - (CFe + Cpy)) - Fe(Ill) + K4 - PFe
+ Kos - CFe + K3 - CFe — Ko - Fe(II) + Ryep

While the speciation of DFe is assumed to be at instanta-
neous steady state due to rapid redox cycling:

dFe(I) /dt = — (Ko + Koo + Kos - O5 + Ko7 - (CFe + Cgy))
- Fe(III) + Kys - PFe + K - FeL + Kog - CFe
+ (Koi - 02 4 Koz - Hy0; + Ko3 - O5) - Fe(II)
— Kos - Liree - Fe(II) + Rgep = 0
dFeL/dt = Kos - Lree - Fe(III) — (Ko + Kqum®)FeL = 0
dFe(11)/dt = (Koo + Kog - O3 ) - Fe(IIl) + K4 - PFe + Kqu - FeL
+ K3 - CFe — (Kyo + Koy - Oz + Koy - H,0,
+ Koz - 05 ) - Fe(Il) = 0
dLfree /dt = ((Kos 4 Keum) - FeL — Kos - Liree - Fe(IIl)) = 0

where K¢,m = Ki»> + K605 + K;7. The (quadratic) equations
may be solved for the iron species and free ligand, given
concentrations of total ligand (Ltota), O2, HO;, and O; in
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Figure 2. Steady-state concentrations (averaged over 24 hours) vs. soluble Fe flux in the reduced version of the model
described in the text compared to the full model both including only initially soluble iron deposition.

the seawater and the photochemical reaction rate coefficients
for specified irradiance and temperature:

a=Kos - (1+ (Koo + Kos - 05 Kum) / (Ko - 02 + Koz - H05
+ Koz - 05 +Kio 4+ Kam))

b = Kos - (Lot — DFe) + Ko + Kaum + (Kos + Kgum)
- (Koo + Kos - 05 — Kgum) /(Ko1 - O + Koz - Hy05 + Koz - O3
+ Kio + Keum) + Kos - (Ksum - DFe + K4 - PFe + Ko - CFe)
/(Ko1 - Oz + Koo - Ho0; + Koz - 05 + Ko + Kaum)

¢ = (Kog + Kgum) * ((Ksum - DFe + K4 - PFe + Kog - CFe)
/(Ko - Oz + Ko - Hy05 + K3 - O5 4 Ko + Kgum) — DFe)

Fe(Ill) = (—b + (4.2 C)I/Z)/(z )
FelL = FC(III)/((K06 —+ Ksum)/KOS + Fe(III)) . LTotal
Fe(Il) = DFe — Fe(IIl) — FeL
Leree = Lrotal — FeL

For specified Lo and O, (3 x 10~*M) and concentrations of
H,0, (1 x 107’M) and O5 (1 x 10~°M during the day) pre-
dicted by the full model, iron speciation calculated using the
reduced model is compared with the full model in Figure 2
across the continuum of initial soluble iron deposition
fluxes (ignoring in-situ dust iron dissolution after deposition
for ease of comparison). By avoiding the need to explicitly
track all tracers and to represent processes that occur on the
timescales of seconds to a few hours, we arrive at a repre-
sentation of iron cycling that retains the overall mechanistic
behavior of the full model yet tractable for interpretation and
amenable for implementation in biogeochemical/ecological
models. When implemented in an ocean biogeochemistry
model, this reduced algorithm will allow ocean circulation to
operate on dissolved Fe species as a group while accounting for
a strong day-to-night variation of iron speciation with impor-
tant consequences for iron uptake and scavenging. Our next
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step will be to imbed this representation of iron chemistry in a
full global biogeochemical model.

4. Summary

[15] This study investigates the controls of dissolved iron
concentration using a model of light-mediated redox cycling
of iron and reactive oxygen species in the epipelagic ocean.
The model results suggest that iron redox, ligand and
scavenging cycling combine to maintain dissolved iron in
the stratified surface ocean within a fairly narrow range in
the face of large variability in supply through atmospheric
deposition of soluble iron. Dissolved iron increases with
aeolian input of soluble iron in regions of low dust depo-
sition, either perpetually or for extended periods of time.
Dissolved iron is buffered to a constant level (narrow range)
in regions of high dust deposition by formation of colloidal
iron when concentration of inorganic iron, Fe(IIl)’, is greater
than the equilibrium solubility of ferric hydroxide. These
conclusions are in agreement with observations of dissolved
iron in the world ocean. A reduced model of iron speciation
is also derived to represent the critical behavior of the full
chemical model in a computationally efficient manner suit-
able for large scale calculations.

[16] Acknowledgments. Charles Stock and Robbie Toggweiler pro-
vided useful comments. Hiram Levy II encouraged this research. We thank
two anonymous reviewers for their useful comments.

[17] The Editor thanks two anonymous reviewers for their assistance in
evaluating this paper.
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